• Pollinator sharing can have negative consequences for plant fitness with the arrival of 25 foreign pollen, yet responses are often variable among species. Plant traits and relatedness 26 of donor and recipient species have been suggested to drive the variations in plant fitness, 27 but how they shape the structure of pollen competition networks has been overlooked at 28 the community level. 29
SUMMARY 23 24
• Pollinator sharing can have negative consequences for plant fitness with the arrival of 25 foreign pollen, yet responses are often variable among species. Plant traits and relatedness 26 of donor and recipient species have been suggested to drive the variations in plant fitness, 27 but how they shape the structure of pollen competition networks has been overlooked at 28 the community level. 29
30
• To understand the importance of traits and relatedness we conducted a controlled 31 glasshouse experiment with an artificial co-flowering community. We performed 900 32 reciprocal crosses by experimentally transferring pollen among 10 species belonging to 33 three different plant families. 34
35
• We found a significant reduction in seed set for 67% of the crosses, driven largely by 36 recipient traits and the interaction between recipient-donor traits under specific 37 circumstances of trait-matching. These traits and their asymmetries among species led to a 38 hierarchical (or transitive) structure of pollen competition with clear winners and losers 39 depending on specific combination of traits. 40 48 INTRODUCTION 50 can outcompete smaller pollen grains due to faster pollen tube growth rates (Williams & Rouse, 79 1990 ). In addition, heterospecific pollen arrival is positively correlated with stigma size 80 (Montgomery & Rathcke, 2012) , and therefore species with larger stigmas could be more 81 vulnerable to heterospecific pollen. The trait-matching between donor and recipient species is also 82 likely to impact plant fitness (Arceo-Gómez et al., 2019) . For instance, larger pollen grains could 83 potentially clog smaller stigmas with fewer pollen grains, and broader stigmas are less likely to be 84 clogged by smaller pollen grains (Galen & Gregory, 1989) . Further, species mating systems are 85 also thought to play a key role in the species response to heterospecific pollen, where self-86 incompatible species with self-pollen recognition could have the ability to exclude foreign pollen 87 (McClure et al., 2011) . Moreover, the competitive ability of pollen of these self-incompatible 88 species is also likely to be greater due to their outcrossing nature (Ashman & Arceo- Gómez, 2013) . 89
Yet, we still do not have a clear picture of how these traits and trait-matching combinations 90 determine the impact of heterospecific pollen receipt. 91 92 Closely related species are more likely to have similar traits (Letten & Cornwell, 2015) . 93
Similar traits can result in a higher probability that heterospecific pollen will interact with ovules, 94 and hence greater negative effects are thought to be associated with more closely related species, 95
i.e., congeners (Arceo-Gómez & Ashman, 2011 Brown & Mitchell, 2001; Tong & Huang, 2016) . 96 However, less attention has been given to the effect of heterospecific pollen on distantly related 97 species-i.e., different order or family (Galen & Gregory, 1989; Neiland & Wilcock, 1999) . Given 98 that pollen carried on many insects and stigmas belongs to multiple species with differing degrees 99 of relatedness (Arceo-Gómez & Ashman, 2016; Fang & Huang, 2013), understanding the effect 100 of heterospecific pollen of close and distantly related species requires a systematic approach to 101 disentangle the importance of relatedness at community level. 102
103
Identifying the mechanisms driving foreign pollen impacts is challenging as experimental 104 studies to date have largely focused on species pairs. Yet, evidence is mounting that variations in 105 trait matching and phylogeny are important in mediating heterospecific impacts upon plant fitness. 106
For instance, Tong & Huang (2016) demonstrate an asymmetrical effect of heterospecific pollen in 6 species of Pedicularis whereby foreign pollen of long-styled species was able to grow the full 108 length of the style on short-styled species, but not vice-versa. If such asymmetrical effects exist, 109 there are likely winners and losers within co-flowering communities that govern the structure of 110 the effects of heterospecific pollen competition networks. However, the structure of how different 111 plant species compete at the community level remains unexplored. 112
Pollinator interactions between donor and recipient co-flowering plants will govern the 113 competitive outcome of heterospecific pollen deposition. The combination of species interacting 114 with each other could result in a structure that is hierarchical (i.e. with clear winners and losers) or 115 non-hierarchical where there are no clear winners or losers, akin to the rock-paper-scissor game 116 (Kerr et al., 2002) . Intransitive or non-hierarchical structures are thought to be a possible 117 mechanism of species coexistence where there is not a clear dominant species (Soliveres & Allan, 118 2018) whereby a hierarchical or transitive structure can be destabilizing when the most dominant 119 species exclude the rest (Alcántara et al., 2017). Despite the increasing interest in interspecific 120 pollen competition, the structure of donor and recipient networks in co-flowering communities 121 remains unknown, yet is critical to inform the potential for plant interspecific pollen to contribute 122 to species coexistence at the community scale. 123 124 Here, we investigate how male and female plant reproductive traits and relatedness of donor and 125 recipient species mediate the impact of heterospecific pollen and the structure of the interspecific 126 pollen competition network by creating an artificial co-flowering community in a glasshouse with 127 10 species belonging to three different families that varied in reproductive traits. Our study 128 addressed the following questions: 129 130
MATERIALS AND METHODS 137
Experimental design 138
139
The study was conducted at University of New England (Armidale, Australia) from 140
November 2017 to March 2018. The experimental design comprised 10 plant species (N=20 for 141 each species) from three different families: Brassicaceae (4), Convolvulaceae (2) and Solanaceae 142 (4) (Supporting Information, Table S1 ). The species of the study had contrasting reproductive 143 traits, including pistil and pollen traits, and different mating systems (see Table S2 and Fig. S1 for 144 traits and their correlations). Moreover, the selected species had also different degree of relatedness 145 (see phylogenetic tree, Fig. 1 ). Hence, the reciprocal crosses between all species allowed us to test 146 multiple different combinations between species with a wide range of traits and relatedness. The The impact of foreign pollen was evaluated using two different types of heterospecific 165 pollen loads (i) 50% conspecific pollen and 50% heterospecific pollen and (ii) 100% foreign pollen 166 to determine if foreign pollen can trigger fruit/seed production or hybridization in closely related 167 species. For each recipient species, we performed 18 different treatments, 9 treatments with 50% 168 heterospecific pollen and 9 treatments with 100% heterospecific pollen. Therefore, we performed 169 180 treatments with 10 replicates per treatment resulting in a total of 1800 pollination events. Seed 170 production per flower was the effect indicator for all treatments. For the treatments with foreign 171 pollen and hand cross pollination, flowers were emasculated the day prior to anthesis and hand 172 pollinated the next day. Hand pollination was conducted with 3-4 brushes of a toothpick from an 173
Eppendorf tube onto the stigma surface. For each species, 20 anthers were collected and their 174 pollen counted with a hemocytometer. We counted the pollen within each anther 4 times, averaged 175 these counts and calculated the average of 20 anthers. Anthers were squashed on 1 ml of distilled 176 water and homogenized in a vortex for 30 seconds. Using the average number of pollen grains per 177 anther we calculated the proportion of anthers per mix to achieve a 50-50% mix. The anthers were 178 mixed in Eppendorf tubes of 1.5 ml and vibrated with an electric toothbrush (with head of 179 toothbrush removed) under the outside of the tube. For the species requiring buzz-pollination, S. 180 lycopersicum and S. melongena, we used the same procedure with an electric toothbrush at the 181 bottom of the corolla/receptacle to extract the pollen directly into the tubes. For the rest of the 182 species the anthers were placed directly into the tubes. To confirm that the treatments achieved the 183 desired ratio, the total stigmatic load of pollen was counted from additional stigmas collected after 184 10 hours of the hand pollination treatment ( Fig. S2) . We squashed the stigmas onto a slide with a 185 grid and all of the pollen on the stigma was counted using a microscope (40x magnification). 186
Moreover, we also calculated the proportions of pollen in this 50% pollen mix per species and 187 family ( Fig. S3; Fig. S4 ). We counted two replicate 50% pollen treatments for each donor species 188 from a different family from the focal species (20 counts in total). For example, for the species S. 189 alba (Brassicaceae) we counted one treatment (50% heterospecific pollen) with one Solanaceae 190 (S. melongena) and one Convolvulaceae (I. aquatica). We did not count heterospecific pollen 191 mixes between species of the same families because we expected them to have similar properties 192 (e.g., size, stickiness). 193
We tested the accuracy of our treatments by comparing pollen proportions among families 194 with linear models and a posthoc Tukey test (Supporting Information Fig. S5 To evaluate the overall effect of 50% heterospecific pollen treatments on seed production 208 we performed linear models (lm function from the R stats package version 3.5.1) of the log 209 transformed seed set data. For each species the seed production with the 50% heterospecific pollen 210 treatments was compared with the average seed production of hand cross pollination (just 211 conspecific pollen) by releveling it as a reference level. 212 213
Heterospecific pollen network competition structure 214
To compare the effect of heterospecific pollen across species we calculated standardized 215
Hedges' g [(mean seed set 50% Heterospecific Conspecific mix -mean seed set 100% 216 Conspecific)/pooled SD] with the effsize package version 0.7.4 (Torchiano, 2016) . We calculated 217
Hedges' g at three different levels to determine the impact of heterospecific pollen on seed 218 production: (i) we determined the effect sizes of each treatment per species (i.e. recipient species 219
x donor species matrix) which gives information of the individual donors on each focal species; 220
(ii) we also calculated the effect sizes for each focal species at donor family level (i.e. recipient 221 species x donor family matrix) to see if there are differences in effect within the three families; 222 and (iii) we estimated the grouped effect of all donors per focal species (i.e. recipient species x 223 grouped effect donor matrix) which emphasizes overall recipient species response to heterospecific 224 pollen. 225
We analyzed the network structure of heterospecific pollen by converting the species-226 species matrix of effect sizes into a dominance matrix (binary matrix). For this, we considered that 227 species A is a "winner" (1) and B a "loser" (0) when the effect size of A as a recipient is smaller 228 than the effect size of B as a recipient. This means that A+B on A are causing comparatively lower 229 reduction of seed set than A+B on B. We determined the structure or hierarchy of heterospecific 230 pollen competition through the triangle transitivity (T tri ) method described in Shizuka & 231 McDonald (2012) . This approach has been already used in different fields such as network theory 232 with MEGA7 for both markers. We calculated the mean phylogenetic distance from both markers. 254
In addition, we used the square root of the evolutive distance as this is thought to be a stronger 255 approach to understand the displacement between two taxa rather than assuming simple linear 256 divergence (Letten & Cornwell 2015). Finally, we tested the phylogenic signal of traits with all 257 the species. We calculated the phylogenetic signal with the package phytools version 0.6-60 258 (Revell, 2012) where Pagel's lambda was used as a measurement of phylogenetic signal. 259 260
Plant functional traits 261 262
The traits measured for each species were: 1) pollen per anther, 2) pollen size, 3) number 263 of ovules, 4) pollen-ovule ratio, 5) ovary length, 6) ovary width, 7) style length, 8) style width, 9) 264 stigma length, 10) stigma width, 11) stigmatic area, 12) selfing rate and 13) self-incompatibility 265 index (see Table S2 for traits and their values). All the morphometrical measurements were 266 performed with a stereo-photomicroscope with the exception of pollen size that was carried out 267 with a light microscope. Ovule number was counted with the help of a stereomicroscope and a 268 small grid over a petri dish from 15 randomly selected flowers. For all the species we counted the 269 number of seeds produced per flower treated. Selfing rate was calculated as the percentage of 270 ovules that were converted to seeds after self pollination. Levels of self-incompatibility were 271 estimated for each species by dividing the seed set of hand self pollination by hand cross 272 pollination (Lloyd & Schoen, 1992). 273
First, in order to test the relative effect of traits (i.e. trait similarity) on seed production with 274 foreign pollen we performed Procrustes analysis with symmetric rotation (vegan Package version 275 2.5-4; Oksanen et al., 2019) between the species x species matrix of effect sizes and the distance 276 matrix of all traits (Euclidean distances). Furthermore, we tested for correlations between the 277 matrix of effect sizes and the different distance matrices of each trait separately (Euclidean 278 distances). Because trends or correlations at family level can be obscured when considered across 279 all the three families, we also undertook the same analysis for each family independently 280 (separated traits and grouped traits) with the exception of the family Convolvulaceae which 281 comprised too few species (n = 2). 282 283 Second, we analyzed the absolute effect of traits on the heterospecific pollen effect (effect 284 sizes) through linear models (lm function from the R stats package version 3.5.1), where we tested 285 the effect of different donor and recipient traits and their interaction on the seed set of the different 286 recipient species. We created a unique model based on two different criteria, first we filtered from 287 the available trait variables those that can be relevant in the understanding of heterospecific pollen 288 effect based on our knowledge and previous literature, and second, due to high correlation among 289 fixed effects, we simplified the model until we were able to have non-correlated fixed variables 290 while maintaining the logic of the ecological questions. Therefore, we created the following model: the exception of P. integrifolia (Solanaceae) which was only partially self-compatible ( Fig. S6 , 302 Table S3 ). Species within Brassicaceae were highly self-incompatible in general, but there was 303 some evidence of self-compatibility in E. sativa, and fully self-compatibility in S. alba. None of 304 the remaining species produced seeds via apomixis or agamospermy and we found high levels of 305 autonomous selfing for species within both Convolvulaceae and the Solanaceae S. lycopersicum 306 and S. melongena. 307
308
The impact of heterospecific pollen receipt on seed set 309 310 Heterospecific pollen treatments significantly reduced seed set for 67% of the 900 pairwise 311 crosses in comparison with the control (i.e. hand cross pollination; Tables S4-S5). Seed production 312 was negligible in the 100% heterospecific pollen treatments (Table S6) . 313
The effect sizes of the different donors on each focal species (species x species matrix) and each 314 family (species x family donor matrix) were quite homogeneous (Fig 2; Fig. S7 ). When we 315 compared the grouped effect sizes of all the donors by focal species (Fig. 3) , we see that all 316
Solanaceae species in addition to I. aquatica, B. oleracea and B. rapa were highly susceptible to 317 heterospecific pollen with large effect sizes. In contrast, I. purpurea, E. sativa and S. alba had a 318 small to null effect sizes and therefore little impact of heterospecific pollen on their fitness. We 319 found that the species had very different responses even within families. For instance, in the 320 We found that out of the 120 possible triads (combinations of three species), 117 (97.5%) 329 triads were transitive and just 3 (2.5%) intransitive. The proportion of intransitive triangles or 330 triangles with cyclic competition (where there is not a clear winner or dominant species) was less 331 than expected when we compared with the random simulated networks (P < 0.001). Therefore, the 332 structure of pollen competition under experimental conditions of pollen transfer is highly transitive 333 or hierarchical (Fig. 4) . 334
Phylogenetic distance 336 337
Effect sizes were not correlated with the phylogenetic distance matrix (Procrustes 338 correlation = 0.57, sum of squares=0.68, P = 0.41). Analysis of phylogenetic signal of traits ( Table  339 S7) showed that only pollen size and stigmatic area had a strong significant phylogenetic signal 340 (Pagel's lambda = 0.99, P < 0.01; Pagel's lambda = 0.86, P < 0.5 respectively). 341 342
Plant functional traits 343 344
The species x species matrix of effect sizes was not correlated with the distance matrix of 345 all traits (Euclidean distance) (Procrustes correlation = 0.58; sum of squares = 0.65, P = 0.63). 346
Moreover, we did not find significant correlation between the species x species matrix of effect 347 sizes and the distances matrix of each trait separately (Table S8) . 348
Although the species x species matrix of effect sizes was not correlated with the traits when 349 we analyze each family independently (Solanaceae and Brassicaceae) (Procrustes correlation = 350 0.79; sum of squares = 0.38, P = 0.75; Procrustes correlation = 0.60; sum of squares = 0.65, P = 351 0.85 respectively), significant correlations were identified when the analysis was conducted trait 352 by trait (Table S8) The analysis of the absolute effect of traits on heterospecific pollen effect revealed a 358 low/moderate correlation between traits and effect sizes (R 2 = 0.25). Stigma size and pollen-ovule 359 ratio was positively correlated with effect sizes (Estimates 0.53 +/-0.11 and 0.30 +/-0.11 360 respectively, P < 0.01). Moreover, donor pollen size interacted significantly with recipient stigma 361 size (Estimate 0.25 +/-0.11, P < 0.05) whereby larger pollen impacted more species with smaller 362 stigmas and small pollen did not differ in effect sizes within the different ranges of stigma size 363 ( Fig. 5) . However, effect size was not related to donor pollen size. Although we did not include 364 style length in the model, this was highly correlated with stigma size. Hence, species with larger 365 stigmas, higher pollen-ovule ratios and longer styles were less impacted by heterospecific pollen. Huang, 2016). Second, we found that smaller stigmas are more likely to be impacted negatively 403 by foreign pollen than larger stigmas (Fig. 5) . Here, the species S. lycopersicum, which had the 404 smallest stigma, was significantly more impacted by the larger pollen of Convolvulaceae family 405 but not from the other two families with medium pollen size. This is likely because a smaller 406 number of pollen grains can clog the stigmatic area easily and do not allow enough conspecific 407 pollen grains to fertilize all the ovules. However, species with smaller stigmas could act as a filter 408 in natural communities, reducing the heterospecific pollen load and therefore its impact 409 (Montgomery & Rathcke, 2012) . Further, while donor identity was of little importance to the 410 outcome of the pollen-pistil interaction, the interaction between donor pollen size and stigmatic 411 area had a significant impact on effect sizes (Fig. 5) . Species with lower pollen-ovule ratios were 412 also more likely to be impacted by foreign pollen. Pollen ovule-ratios are generally correlated with 413 breeding system whereby low pollen-ovule ratios correspond to species with an autogamous 414 breeding system and high pollen-ovule ratios to one that is xenogamous (Cruden, 1977) . Therefore, 415 species capable of selfing are more likely to suffer from fitness reduction by foreign pollen. This 416 empirical evidence supports the predictive framework of Ashman & Arceo-Gómez (2013) for these specific traits, and highlights that studying recipient and donor traits separately may be 418 contradictory results whereby the two Brassica species considered highly incompatible were 433 highly susceptible to foreign pollen. We hypothesize that although foreign pollen recognition may 434 take place for these species, it could lead to a stigmatic closure with important consequences for 435 species fitness. As mixed mating systems are prevalent in nature (See Fig.1 In conclusion, trait asymmetries between species likely determine a transitive structure of 443 competition with clear "winner" and "loser" species that share specific combinations of traits. We 444 highlight that focusing on recipient traits, and particular trait matching interactions between donor 445 and recipient species, could help to understand the mechanisms underlying the impacts of foreign 446 pollen upon plant reproductive fitness. Here for the first time, we provide evidence of the 447 competitive structure of heterospecific pollen with an artificial co-flowering community, with 448 possibly important implications for plant coexistence and floral evolution. We gratefully acknowledge the help of G. Bible with the glasshouse work. We also thank J. 456
Lobaton for his useful suggestions for lab work and help. Thanks are also due to O. Godoy for his 457 useful advices for analysis. We also thanks S. Winkle for her help with plants and pollinations. 458 
